Abstract -Sixty-three quadrats each of 16 ha were chosen to represent the geographical extent and diversity of terrestrial environments in a 75 000 km 2 area of the Carnarvon Basin, Western Australia. A total of 626 plant and 456 animal species were recorded from the quadrats, an average of 120 (s.d. = 22.1) species per quadrat.
= 20.1). These comprised 81 herpetofauna, 13 small ground mammals, 85 birds, 9 scorpions, 12 centipedes, 122 ground-dwelling spiders and 408 plants.
The data were compiled into a single matrix comprising the presence or absence of the 731 species at the quadrats. When the species were classified according to their co-occurrences, thirteen assemblages were distinguished. Each assemblage could be characterised in terms of the Australia-wide habitat preferences of its component species. Also, quadrat similarity matrices were generated for each of the seven types of organism sampled and 1000 random matrices. These were output as linear similarity vectors so that the differences in their biodiversity patterns could be quantified as a single matrix of correlation coefficients.
Analyses revealed that: 1. Geographical patterns in species composition derived from the combined matrix correlated with processes operating at both biogeographical and local (ecological) scales: the compositional structure of each assemblage was related to a different set of climatic plus soil and/or topographic attributes. Poisson error models with logarithmic links fitted the gradient in species richness of each assemblage across the study area. Similar environmental attributes emerged whether an assemblage's composition or its richness was analysed. Since these attribute-sets were also consistent with the assemblages' Australia-wide characterisations, they are unlikely to be artifacts of quadrat positioning or study area extent. 2. Each of the seven ecologically different types of organism had a distinct influence on the biodiversity model; cross-taxon congruence levels were low. To be representative, a Carnarvon Basin reserve system should sample the geographical range of the various climatic, soil and topographic gradients identified by the analyses. It should also be designed using a biodiversity model that incorporates a wide range of organisms.
INTRODUCTION
In this paper we explore geographical patterns in the composition of communities in non-aquatic environments of the southern Carnarvon Basin (Figure 1 ). The only previous attempt to define patterns in the biota of the study area was by Beard (1976) , who mapped vegetation units at a scale of 1 : 1 000 000 from base maps compiled at 1 : 250 000.
Our aims were to • provide an overview of the composition and distribution of species assemblages, as components of communities,
• investigate the relationships between assemblage composition and measurable attributes of the study area's physical environment, to identify predictors of geographic patterns in species composition across the study area and • examine levels of cross-taxon complimentarity (sensu Howard et al., 1998) in the study area, as a potential issue in reserve selection (McKenzie et al., 2000a) .
We aimed to provide a regional context for conserving the study area's biodiversity by DOI: 10.18195/issn.0313-122x.61.2000.511-546 Bernier Precise quadrat co-ordinates are provided in Appendix A (this publication). The half-tone lines are the phytogeographic District boundaries of Beard (1980) . .
analysing data on seven ecologically distinct types of organisms from 63 quadrats, • positioned to represent the diversity of the study area's physical environments across its geographical extent, and • defined in terms of a wide array of measured physical attributes that were related to both regional and local scales. Spatial patterns in biodiversity have usually been examined in terms of subjective categorisations based on vegetation structure or soil type, or from the perspective of a narrow range of organisms (e.g. .plants or birds). We test the proposition that a more representative view of community patterns can be gained if a variety of ecologically distinct types of organism are sampled (Paine, 1980; Wiens, 1985; McKenzie et al., 1991a, b) .
METHODS

Study Area
The Carnarvon Basin study area covers 75 000 km 2 on Australia's western coast. It is centred on Shark Bay, and extends northwards from the Murchison River to the Minilya River, and eastwards to beyond Gascoyne Junction (Figure 1 ).
Its physical environments are detailed by Wyrwoll, Stoneman, Elliott and Sandercock (2000) and Wyrwoll, Courtney and Sandercocck (2000) . Briefly, the region is a lowland characterised by gentle gradients on a basement of soft sediments. Under a variety of climates, interacting alluvial and aeolian processes have produced a complex landscape mosaic, that has been further modified by extensive coastal transgressions associated with sea-level changes. Today, the area south of Shark Bay has a semi-arid climate influenced by temperate weather systems (mainly winter rainfall). From Shark Bay northward, the climate is influenced by both tropical and temperate systems -semi-arid at the coast, but arid with locally unreliable rainfall further inland that falls in both summer and winter. In phytogeographic terms, the study area comprises the northern half of the Irwin District of the Southwestern Province, as well as the southern half of the Carnarvon District of the Eremean Province (Beard, 1980) .
Extensive alluvial plains dominate the study area, although erosional uplands such as the Kennedy Range occur in its eastern parts. The plains are traversed from east to west by two large, ephemeral rivers lined with groves of River Gum (Eucalyptus camaldulensis and E. victrix): the Gascoyne and Wooramel. Low open woodlands of bowgada (Acacia linophylla) and snakewood (A. xiphophylla) over Atriplex, Senna and Eremophila shrubs and tussock grasses cover the plains, with Acacia grasbyi in areas where calcretes are exposed. Low red sand 513 ridges scattered across the plains support shrubs over mainly hummock-grasses. In n?rthern parts, the plains grade into red sand dune fields that support hummock-grass and mulga (A. aneura) communities reminiscent of Australia's 'red centre'. In the south the plains support woodlands of Eucalyptus loxophleba and Callitris glaucophylla, with mallee, Banksia, Allocasuarina and Actinostrobus scrubs and heaths on greyish and yellow sand dunes. A strip of limestone that follows the coast southwards from Shark Bay is partially mantled by pale yellow to grey sands supporting low proteaceous heaths with emergent thickets of Banksia and mallees such as Eucalyptus erythrocorys. White coastal sand dunes support Spinifex longifolius communities. Low-lying saline areas, such as the fringes of Lake MacLeod and the coastal flats, support samphire and saltbush communities. Descriptions of the vegetation in the study area are provided by Beard (1975 Beard ( , 1976 , Payne et al. (1987) , Gibson et al. (2000) and Keighery et al. (2000) .
Sampling Strategy
Scale, complexity and patchiness need to be taken into account in sampling the biota of a study area to describe the diversity of its patterns (Braithwaite, 1984; Bowers, 1997) .
A variety of factors can distort the results, including • geographical and seasonal sampling bias (Braithwaite, 1984; Weins, 1985; Rosenzweig and Abramski, 1986 ), • historic extinctions and introductions, and storage effects (Burbidge and McKenzie, 1989; Warner and Chesson, 1985) , • limitations in scale (Dale, 1983; Whitmore, 1984, p. 231; Bowers, 1997; MacNally and Quinn, 1997 ), • inefficient sampling methods (Hobbs et al., 1984; Rolfe and McKenzie, 2000) , including the analytical implications of unreliable 'absence' data in the presence-absence matrix (Margules and Austin, 1994 ), • the assumption that guilds follow taxonomic boundaries (Adams, 1985; Bowers, 1997; McKenzie and Rolfe, 1986 ), • uneven taxonomic resolution (see McKenzie et al. 2000b) , and • strongly localised patterns of endemism (Solem and McKenzie, 1991) . Aspects of the survey design (details are provided in Keighery et al., 2000; Harvey et al., 2000; McKenzie et al. 2000b ) offset some of these problems.
• The study area was large enough to encompass significant sections of both the geographical and environmental ranges of the species sampled (Austin and Heyligers, 1989 ).
• Sampling was carried out during an integrated programme; all quadrats were sampled 'in several seasons.
• The quadrat-size (16 ha for the zoological groups, and enclosing an 0.09 ha plant quadrat) was large enough to encompass the assemblages of the organisms being sampled considering their mobility, longevity and body-size in the context of their density, productivity and standing biomass in the study area. At the same time, the quadrats had to be small enough to allow the assumption that there was a reasonable level of internal homogeneity, and that there was syntopy between all biophysical attributes recorded within each quadrat (McKenzie et al., 1991b ).
• Environmental attributes that reflect processes operating at both regional scales and local scales were measured for each quadrat.
• Our quadrats were sampled for perennial and annual plants, birds, frogs and lizards, small ground mammals, ground-dwelling spiders, centipedes, and scorpions. Thus, wide ranges in mobility, longevity, daily energy and moisture requirement, nutritional role, biomass and reproductive strategy were represented in the data-base, and guilds were less likely to be fragmented or severed along taxonomic boundaries.
• Tested sampling methods were applied by experienced field survey ecologists, and species were only included in the analysis if they were reliably captured by the sampling methods (see Burbidge et al., 2000, and Rolfe and ; thus the problems of unreliable 'absence' data in the presence-absence matrix were minimised.
• All specimen identifications were carried out by professional taxonomists familiar with the relevant group in Western Australia. Quadrats were positioned throughout the geographical extent of the study area in a stratified random array derived from vegetation and surface lithology maps (Beard, 1976; Hocking et al., 1987) .
They were placed in typical examples of each of the main lithological units that characterise the study area, and positioned in clusters that were reasonably evenly dispersed across the study area's areal extent. The relative number of quadrats within a surface unit was roughly proportional to the unit's 'aerial extent in the study area. Many quadrats were pseudo-replicated (locally as well as at distant points) to allow for the internal heterogeneity of the stratification units (hypothesised scalars) and to minimise any analytical circularity introduced by the stratification (Taylor and Friend, 1984; McKenzie et al., 1989 McKenzie et al., , 1991b .
,.', Quadrat locations and sampling procedures for the various taxa are provided elsewhere (Keighery et al., 2000; Burbidge et al., 2000; McKenzie et al., 2000b; Harvey et al., 2000) . Briefly, species were sampled from 63 quadrats clustered in sets of two to six quadrats ,a.round each of 13 survey areas. Sampling was sparse. The study area encompassed 7.5 million hectares, and less than 1008 hectares was actually sampled (each quadrat was a releve' of 400 x 400 m = 16 hectares, and 63 quadrats x 16 ha = 1008 ha). Thus, less than 0.013% of study area was actually sampled for animals. Furthermore, only a 30 x 30 m area of each terrestrial quadrat was sampled for plants (0.0001% of the study area).
Analysis, of Spatial Patterns in Species Assemblages
The survey design was based on quadrat sampling and 'assemblage-connectance' concepts (May, 1975) . The analytical approach taken in this paper was based on the assumption that spatial distribution reflects an underlying correlation with environmental factors (Austin, 1991; Clarke, 1993) . I It is, however, an exploratory design. No experimental design has been implemented to confirm a null hypothesis (Austin and McKenzie, 1988) , so alternative hypotheses are not excluded.
The input data was the "quadrat-x-species" matrix. We determined and analysed the presence and absence of species on the quadrats, rather than their relative abundance, because limitations in sampling techniques, aggravated by staff and time limitations, precluded reliable estimates of abundance (Austin, 1984; McKenzie et al., 1991b) .
We used cluster analysis (from PATN, Belbin, 1995) t,o expose patterns of species composition in the data matrices. The clustering techniques selected were described in McKenzie et al. (1991a) .
Briefly, the association measure "Two-step" (Belbin, 1980) was used to determine the quantitative relationship between each pair of species, and the Czekanowski measure (Czekanowski, 1932) was used to compare the quadrats according to their species similarities. For both measures of association, a modified version of "unweighted pair group arithmetic averaging" (UPGMA - Sneath and Sokal, 1973; Belbin, 1995) hierarchial clustering strategy was used, with the clustering parameter (Beta) set to -O.l.
A modification by Hubert and Arabie (1985) of the statistic by Rand (1971) was used to compare the classification partition structures derived from different data-sets [RIND module in PATN (Belbin, 1995) ].
Further analysis was carried out in the following order: 1. The data matrix' was partitioned into Table 1 Vegetation attributes used to summarise the 'type' and structure (-stru) of the vegetation on the quadrats in ordinal terms.
Veg-stru
Grass and/or low shrubs = 1 + Shrubs to 1.5m high = 2 + tall shrubs (1.5 to 3m high)= 3 + low trees and/ or mallees = 4 + trees> 8m high= 5
Veg-type Grass and/ or low shrubs = 1 Shrubland = 2 Tall Shrubland = 3
Low Woodland: Acacia canopy = 4
Woodland: mixed canopy = 5
Woodland: Eucalyptus canopy = 6 assemblages of species according to their cooccurrences at the same quadrats. 2. Each assemblage was characterised in terms of the known habitat preferences of its component species throughout their ranges elsewhere in Australia (Strahan, 1995; Wilson and Knowles, 1988; Ehmann, 1992; Tyler et al., 1994; Jessop, 1981; Koch, 1981; Pizzey, 1980 , as well as reviews in earlier papers in this volume). 3. Quadrats were classified according to similarities in the species composition (as above), to summarise each assemblage's pattern of occurrence across the study area in the form of a separate dendrogram (its compositional structure). Next, each dendrogram was analysed in terms of a set of attributes related to the physical environment of the quadrats (see Wyrwoll, Stoneman, Elliott and Sandercock (2000) , Wyrwoll, Courtney and Sandercock (2000) and Appendix D, this publication). In this analysis, univariate data on aspects of the quadrats' physical environments were superimposed as a histogram on each dendrogram, attribute-by-attribute. This process allowed us to identify the physical attributes that most closely conformed with each dendrogram's partition structure, i.e. the pattern of its species-composition across the PATN -Belbin, 1995) . 4. The generalised linear interactive modelling package GUM (NAG, 1986; Nicholls, 1989 ) was used to model the relationships between the species richness of each assemblage and the physical attributes of the quadrats. Forward, stepwise regression models were fitted to each of the species-assemblages defined from the classification procedure, with quadrat speciesrichness as the dependent variable. The significance of the parameters in the regression equations was calculated using the Wald statistic, and is indicated by asterisks (* = significant at > 0.05, ** > 0.01, *** > 0.001 etc).
Eleven climatic attributes were derived for each quadrat using ANUCUM (McMahon et al., 1995) . Soil and geomorphic attributes were also recorded from each quadrat (Wyrwoll, Stoneman, Elliott and Sandercock, 2000) . The 17 soil chemical and texture values used herein were derived from sub-samples collected at a depth of 5-10 cm from 20-30 regularly dispersed points on each quadrat, then bulked (Appendix D). Two vegetation attributes were also generated: 'veg-type' and 'veg-stru' (defined in composition using the 731 species data-set. Dendrogram structure to the 12-group level is displayed. . species, s.d. = 25, n = 5). Ignoring saline claypans, we also noted that • quadrats that were being regularly grazed by stock, feral goats and/or rabbits at the time of our study were not significantly poorer in species than those that showed no sign of contemporary usage by these introduced herbivores (KEl-2, NA2-5, NE1, ZU1-5)(124.6±18.2, n = 46 versus 120.3 ± 15.8, n=12 respectively), • even quadrats in overtly degraded condition, with sheet erosion and virtually no leaf litter or A1 soil-horizon remaining (BB1, B05, GJ4-5, KE4, MD1,2,4,5, PE4 and W01,4) retained only marginally lower richness overall (116.4±12.3, n=12 versus 125.6±18.5, n=46) and • quadrats on deep red sands were the richest (131.5 ±16.6, n=20). Using the entire 1082 species, the 63 quadrats were classified in terms of similarities in their species composition. After species that occurred at only one quadrat and species for which the sampling methods were unreliable (e.g. raptors and snakes, see Burbidge et al., 2000 and McKenzie et al., 2000b) were removed from the data-set, 730 species remained (an average of 108.6 per quadrat, s.d. = 20.1). These comprised 10 frogs, 71 lizards, 13 small ground mammals, 85 birds, 9 scorpions, 12 centipedes, 122 ground-dwelling spiders and 408 plants. Using this reduced matrix, the 63 quadrats Fine-textured alluvial plains with scattered low red sand-ridges of central basin.
physical attributes were identified using Kendall's rank correlation coefficient (Kendall's tau). Physical attribute names and codes are listed in Table 2 .
Influence of the Taxonomic Sub-sets on the Biodiversity Model Our analytical strategy was similar to that used by Somerfield and Clarke (1995) . Seven taxonomic sub-sets were represented in the community matrix: birds, small ground mammals, herpetofauna, ground-dwelling spiders, scorpions, centipedes and vascular plants. Analysis involved eight steps: 1. For each sub-set, and for the combined data-set, a dissimilarity matrix was derived by using the Czekanowski measure (Czekanowski, 1932 , from the ASO module in Belbin, 1995) to compare quadrats in terms of their species composition. 2. Each dissimilarity matrix was output as a linear vector (Option 6 in the ASON module of PATN, Belbin, 1995) . 3. Using Pearson Product-Moment Correlation, we calculated the correlation between each pair of vectors as a measure of congruence in their (spatial) biodiversity patterns. These correlation coefficients were compiled as a matrix of 'crosstaxon' congruence. 4. Next, the correlation matrix was converted to a dissimilarity matrix (l-coefficient), and Semistrong Hybrid Scaling (SSH in Belbin, 1995) was used to reduce the dimensionality of this matrix, so that the relationships between the sub-set patterns and the combined pattern (the biodiversity model) could be displayed in three dimensions. 5. A 'minimum spanning tree ' (MST in Belbin, 1995) was superimposed to indicate the nearestneighbour linkages in the ordination space. 6. To provide some extrinsic measure of distance across the ordination space, 1000 uniform random matrices were generated and plotted in the same ordination space using the steps listed above. were again classified in terms of similarities in their species composition to yield a quadrat dendrogram that summarised geographical patterns of occurrence ( Figure 2 ). When the dendrogram partition structures derived from the 1082-species and the 730-species data-sets were compared using the modified RAND statistic (Table 4) , the differences at the 12-group level were small (Hubert and Arabie RAND statistic = 0.96). Only two quadrats were assigned differently by the reduced data-set (CUI and NA2).
RESULTS
Spatial
The 730 species were classified according to similarities in their co-occurrences at the same quadrats. The 13 assemblages we defined are characterised in terms of the distributional characteristics and habitat preferences of their component species throughout their geographical ranges in Australia (Figure 3 ). Relevant annotations are on this dendrogram and additional notes are presented below.
Distributions Centred on the Arid Zone
Assemblage-I: Ubiquitous riverine species, such as River Gums. The dragon Gemmatophora longirostris also occurs in coastal dunes.
Assemblage-2: Species of fine-textured soils and associated lunettes. It comprises six species-subsets that formed distinct partitions at lower levels in the dendrogram:
2a. ubiquitous species; 2b. species of fine-textured riverine alluvia; 2c. ubiquitous non-saline species; 2d. species of saline playas or lunettes of playas, and of alluvial plains; 2e. species of semi-saline sandy lunettes in and around saline playas and claypans; 2f. species of sandy lunettes surrounded by extensive plains of fine-textured soils.
Unlike group 2d, species in '2e' and '2f' have localised occurrences in the study area.
Assemblage-3: Species of floodplains, footslopes
Semi-arid Distributions
Assemblage-6: Species with distributions centred on sand surfaces in the semi-arid.
Assemblage-7: Centred on semi-arid woodlands of (mainly) the temperate zone. Some extend into the arid zone in association with trees, such as along riverine fringes. Some birds reach the mesic tropics.
Widespread Saline and Calcareous Plain Species
Assemblage-8: Widespread claypan species, usually saline but also on chenopod plains with saltbush and/ or bluebush. Some also occur in coastal areas adjacent to mangroves in Shark Bay. Scaevola crassifolia is an exception.
Coastal Sand Distributions
Assemblage-9: Specialists of coastal, semi-arid, sand surfaces in the temperate zone. Some are endemic to Edel Land.
Assemblage-IO: Species of coastal, sub-tropical (northern), sand surfaces from Carnarvon to Exmouth (22°S, 114°E), except for Triodia basedowei which also occurs on red sand surfaces of inland Australia, and T. pungens of red sand surfaces in the Pilbara, Little Sandy Desert, Great Sandy Desert, southern Kimberley and elsewhere in northern Australia.
Ubiquitous Distributions
Assemblage-5: Species with distributions that cover arid, semi-arid and mesic regions, and which occur on all surfaces. Some even reach the mesic tropics (e.g. Black-faced Cuckoo-shrike, Euphorbia australis and Cenchrus ciliaris).
and clayey interdune plains, Le. of heavier soils than the species belonging to Assemplage-2. Some rock-outcrop species at ecotonal sites are included (e.g. Sminthopsis longicaudata and Ptilotus polakii were found at KE3 and GJl which straddled the lower slope and foot of scree slopes).
Assemblage-4: Specialists of deep red desert sand dunes and plains, including patches close to the coast. Some are centred on the Carnarvon Basin (e.g. Verticordia forrestii). Widespread temperate species of the arid, semi-arid and, often, the mesic. They converge with the coast in the study area, and follow the coast even further north. Coastal specialists, and species that prefer sandy and limestone surfaces, form sub-sets.
Specialists of temperate, semi-arid coastal sands. Some EL endemics.
Widespread claypan species, usually saline but also on chenopod plains.
Centred on semi-arid woodlands of (mainly) the temperate zone. Some extend into arid in association with trees.
Centred on sand surfaces in the semi-arid.
Species with arid, semi-arid and mesic distributions that occur on all surfaces.
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Terrestrial Biodiversity limestone surfaces. They centre on the mid-latitude coast; many extend into semi-arid areas of the Coolgardie and Avon Bioregions, and further north along the coast than the species in Assemblage-l1a. l1c. Widespread temperate species of arid, semiarid and, often, mesic regions. They approach their northern limits at Shark Bay, where they converge with the coast and extend even further north because of coastal effects.
Distributions Centred on Mesic Regions of the Temperate Zone
Assemblage-12: Temperate, semi-arid to mesic species of sandy surfaces that sometimes mantle limestone. These are species of heath and scrubs, and are at their northern limits in coastal areas south of Shark Bay. The assemblage includes several specialists of deep sand surfaces that are centred on the strip from Geraldton (29°S 114°30'E) to Shark Bay.
Assemblage-13: South-western heath specialists. This far north they need to be close to the coast. All of the plants are grasses or small heath plants; five of the 12 are restricted to coastal limestone surfaces. The others are found in sand-as well as limestoneheaths.
Species Richness and Composition in Relation to Quadrat Attributes
Several distinct step-wise structures dominate both the quadrat-and the species-dendrograms (Figures 2 and 3 ). Such structures would occur if the species-assemblages were responding to different gradients in the physical environment or differently to sub-sets of environmental gradients (McKenzie et al., 1989 (McKenzie et al., , 1991a . To test this 521 hypothesis, the 13 species-assemblages were treated as independent data-sets and analysec;l separately.
When the 63 quadrats were classified in terms of the species belonging to each of the 13 assemblages, each assemblage's pattern of occurrence across the study area was summarised in the form of a dendrogram (e.g. Figures 4 and 6). As described in 'Methods', univariate data on aspects of the quadrats' physical environments were superimposed as histograms on each dendrogram, attribute-by-attribute to identify the physical attributes that most closely conformed to the patterns in each assemblage's species-composition across the study area. As a parallel analysis, the package GUM was used to model the pattern .of each assemblage's species richness across the study area in terms of the physical attributes of the quadrats (see Methods).
The results of these analyses are summarised in Table 5 , and are explained below. Correlations between relevant environmental attributes are summarised in Table 6. • Assemblage-1's compositional structure showed a significant fit to the gradient in floodplain situations (over-bank stream flow, 'gs-over', see Wyrwoll, Stoneman, Elliott and Sandercock, 2000) ( Figure 4 ). Although non-ratio data such as 'gs-over' were not included in the GLM analysis, the GLM richness model confirmed the compositional result because low soil sodium (exNa) and high magnesium (exMg) characterise the regularly washed soils that occur in drainage lines and associated floodplains ( Table 5 ). The attibutes 'exMg' and 'gs-over' were intercorrelated in our study area (Table 6) . Table 6 Environmental attributes that showed the best fit to the group structure of the dendrogram derived by classifying the quadrats according to similarities in their composition. 'Group Level' indicates the level at which the relevant quadrat dendrogram was cut (the number of partitions). Tight inter-correlations with attributes in the richness models are listed in the final column. • Assemblage-2's compositional structure ( Figure  12 ) conformed with a precipitation gradient (low 'Pwet') across fine-textured lowland soils (high in phosphorus, potassium and soil shear strength, and at low altitude) ( Figure Sa) . Temperature diurnal range (Tdi) provided separation of a compositional variant of, this assemblage that occurs on suitable sites near the coast. The same set of attributes (Altitude, 'Pwet', Phosphorus, and 'Tdi') were significant in the fitted richness model (Table 5) , although soil calcium carbonate was also significant. • Assemblage-3's compositional structure conformed to 'temperature in the warmest quarter' ('Twar') and, within this, with annual precipitation (Figure 5b ) and soil total nitrogen (Table 5 ). These attributes also gave the best GLM model of the assemblage's species richness.
• Assemblage-4's compositional structure conformed with 'warmest quarter precipitation' ('Pwar'). Within that, high 'temperature in the warmest quarter' ('Twar'), with either low soil potassium (KHC0 3 ) or low soil phosphorus (PHCO), isolated the inland sandy quadrats where the compositionally diverse examples of this assemblage occurred (Figure 5c ). The same attributes provided the best richness model.
• Assemblage-5: These species were mostly nearubiquitous in the study area, although precipitation seasonality ('Psea') conformed to the assemblage's compositional structure (Figure 5d ), with variants related to altitude ('Alt') and, at lower levels in the dendrogram, to soil calcium carbonate and soil magnesium. The tightest richness model used a similar set of attributes.
• Assemblage 6's compositional structure conformed with soil potassium ('exK') and 'vegtype'. Within that, low soil phosphorus (P), high precipitation seasonality and low soil shear strength distinguished the most compositionally diverse examples of this assemblage (group-5 from group-6) ( Figure Se) . Groups-5 and 6 were also different in terms of soil cation exchange capacity ('CEC') and percentage clay. The richness model used the soil potassium and phosphorus, and the precipitation seasonality attributes (Table 5) , although an alternative model used 'CEC' and 'precipitation in the warmest quarter' ('Pwar') instead of the seasonality attribute.
• Assemblage-7's compositional structure conformed with winter temperature ('Tcld'), with the most species-diverse examples at quadrats with cool winters, provided that they also had a Eucalyptus tree canopy (quadrats NA2, NEl-5 in Figure 6 ). Table 5 ). The GLM model indicated that rich versions of this assemblage occurred in temperate, semi-arid sites, that were also low in soil phosphorus (Table 5 ).
• Assemblage-8's compositional structure conformed with altitude ('Alt'), soil salinity (e.g. 'Cl') and phosphorus ('PHCO/). The compositionally diverse sites were low in the landscape and had high phosphorus as well as either high soil chloride and/ or high soil calcium carbonate levels; such sites were rich in magnesium ('exMg') ( Figure Sf) . Species richness was best predicted using soil chloride and calcium carbonate values in combination with temperature in the warmest quarter and precipitation in the warmest quarter. The temperature and precipitation attributes were an artifact because of the skewed occurrence of suitable environments in the study area; they were concentrated in northern near-coastal areas.
• Assemblage-9's compositional structure conformed with 'wettest period precipitation' ('Pwp') and longitude and, within these, with soil calcium carbonate ( Figure 5g ). Species richness was best predicted by GLM using the same precipitation and calcium attributes.
• Assemblage-ID's compositional pattern conformed to Latitude, and within that, to soil phosphorus (PHC0 3 ) and 'temperature diurnal range' ('Tdi') ( Figure 7 ). Rich assemblages occurred on the most northern quadrats, provided they were sands (i.e. soil phosphorus and potassium values were low), and had low 'annual temperature range' ('Tar') ( Table 5 ). In the study area, low 'Tdi' and low 'Tar' are intercorrelated (R2 = 0.95, p. < 0.0001) because they are coastal amelioration effects.
• Assemblage-ll's gradient in composition conformed with high precipitation in the coldest quarter (peld: the wet winters of the temperate zone) and, within that, was influenced by distance from the coast ('cst-dist'), intercorrelated with longitude: R2 = 0.85, p. < 0.0001), soil exchangeable potassium ('exK') and/or soil exchangeable sodium ('exNa') ( Figures 8 and  5h ). Similar attributes were identified from the GLM analysis: the rich assemblages occurred on low potassium soils near the coast (low longitude) (Table 5 ).
• Assemblage-12's compositional structure conformed with 'precipitation in the coldest quarter' ('Peld') ( Figure 9 ). The rich assemblages occurred in quadrats with highest annual rainfall ('Pann') and lowest winter temperatures ('Teld'), although soil sandiness (% -sand) and Figure 5 Physical attributes that separated the quadrat-groups defined by an assemblage's dendrogram. The re1event data matrices are provided in Figure 12 . N = number of quadrats in each classification group (GRP), "1==M==3" indicates one standard deviation either side of the mean (M), and * indicates tha:t the mean and standard deviation points were too close to separate in the diagram. H = Kruskall-Wallis coefficient; df = degrees of freedom; p = probability).
a. Assemblage-2, partitioned at the 3-, 5-and 8-group levels in the classification structure. 
Total Phosphorus (P, ppm) (5 groups: H = 25.1 df = 4 P = <0.0001).
22 100 200 300 400 
Altitude (m) (8 groups: H = 20.7, df = 7, P = 0.004) 
174 336 
Annual Average Precipitation (Pann, mm) (6 groups: H = 33.8, df = 5, P = <0.0001). 
c. Assemblage-4, partitioned at the 3-and 7-group levels.
Warmest Quarter Precipitation (Pwar, mm) (3 groups: H = 25.1, df = 2, P = <0.0001).
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Warmest Quarter Temperature (Twar, 0C) (7 groups: H = 27.5, df = 6, P = 0.0001). 
d. Assemblage-5, partitioned at the 6-level.
Precipitation Seasonality (Psea) (6 groups: H = 43.9, df = 5, P = <0.0001).
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e. Assemblage-6, partitioned at the 4-and 9-group levels. 
Vegetation Type (Veg-type) (4 groups: H = 20.3, df = 3, P = 0.0002). 
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f. Assemblage-S, partitioned at the 4-and 6-group levels.
Chloride (Cl, %) (4 groups: H = 25.6, df = 3, P = <0.0001). o 0.64 1.48
Soil Phosphorus (P(HC03), ppm) (4 groups: H = 23.4, df = 3, P = <0.0001).
1 8 15 22 
Electrical Conductivity (EC, mS/m) (6 groups: H = 21.0, df = 5, P = 0.0008).
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g. Assemblage-9, partitioned at the 2-and 4-group levels.
Wet Period Precipitation (PWP, mm) (2 groups: H = 8.3, df = 1, P = 0.004).
32 45 59 72
Soil Calcium Carbonate (CaC03 , %) (4 groups: H = 10.7, df = 3, P = 0.01). 
Coastal Distance (cst-dist, km) (8 groups: H = 38.1, df = 7, P = <0.0001). 
Exchangeable Sodium (exNa, me%) (6 groups: H = 17.1, df: 5, P.= 0.004).
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relative abundance of their plant species (Beard, 1976; Friedel and James, 1995; Landsberg et al., 1997; Wyrwoll, Stoneman, Elliott and Sandercock, 2000) .
When we compared the species richness of quadrats according to surface-type, the saline surfaces were the poorest regardless of their condition, and red sand surfaces were the richest. Red sands dominate Australia's arid zone, and their richness can be explained by an area effect (cf. Rosenzweig, 1992) in conjunction with their unsuitability for pastoral-use (Payne et al., 1987 ). Yet our comparison also indicated that pastoral usage has not had a significant effect on the overall richness of indigenous species on the quadrats; even the most degraded quadrats had similar species richness to quadrats with little overt usage. While this result supports the view that preEuropean co-occurrence patterns in species composition can be derived from our data-set, the similarity may be partly an artifact of our sampling regime. We positioned the quadrats in the least disturbed examples of each habitat-type that we could find because we aimed to provide the first quantitative biodiversity benchmark against which future changes in the compositional complexity of the region's indigenous ecosystems can be measured.
Several distinct stepwise structures dominated both the quadrat and the species classification dendrograms (Figures 2 and 3) . In the context of our study, this would occur if the component species were responding to different environmental gradients and/or to the same gradients differently. On the reasoning that species which usually cooccur are more likely to be responding to the same environmental gradient/ s than are species with different patterns of co-occurrence (see McKenzie et al., 1989, pp. 255-6) , we sought to untangle the biogeographical processes by treating the 13 species assemblages derived from the overall analysis as independent data-sets, and analysing them Figure 12 Data matrices for each of the 13 assemblages defined from the species classification analysis (Figure 3) .
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B C h e s t n u t Q u a i l -t h r u s h F i g u r e1 2 ( c a n t . )
A s s em b l a g e -1 3 M T a r s i p e s r o s t r a t u s M Sm i n t h o p s i sg r a n u l i p e s P L Am p h i p o g o n t u r b i n a t u s P L B o r o n i a p u r d i e a n a P L C a s s y t h a r a c em o s a P L C o n o s t y l i s a c u l e a t a P L D r y a n d r a b o r e a l i s b o r e a l i s P L G om p h o l o b i um t om e n t o s um P L G r e v i l l e a p r e i s s i i P L H i b b e r t i a s p i c a t a s p i c a t a P L P a t e r s o n i a o c c i d e n t a l i s P L~l e u c a n t h a P L P i t y 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * 1 * * s e p a r a t e l y( c f .M cK e n z i e e ta l . ,1 9 8 9 , 1 9 9 1 a ;
M cK e n z i e a n dB e l b i n ,1 9 9 1 ) .
A s e x p e c t e d ,w e f o u n dt h a tg e o g r a p h i c a l p a t t e r n s i nt h eo c c u r r e n c e o f t h ev a r i o u s a s s em b l a g e sw e r e r e l a t e dt od i f f e r e n ts e t so f e n v i r o nm e n t a la t t r i b u t e s .E v e ns o ,s om ea t t i b u t e s w e r e s i g n i f i c a n tf o rs e v e r a la s s em b l a g e s( e . g . p r e c i p i t a t i o n ,a n ds o i l p o t a s s i uma n dp h o s p h o r u s ) . P o t a s s i um ,f o ri n s t a n c e ,i sr e a d i l yl e a c h e df r om s o i lp r o f i l e sb yr a i n f a l lo rf l o o dw a t e r a n d p r o v i d e s as e n s i t i v em e a s u r e o ff e r t i l i t y( T . S t o n em a n , p e r s o n a lc omm u n i c a t i o n ) .A s l i n e a r p r e d i c t o r s ,h ow e v e r , a t t r i b u t e ss u c ha ss o i l p o t a s s i um a r e o f l i t t l ep r a c t i c a l v a l u e f o r u n s am p l e ds i t e sb e c a u s ed a t ao ns o i lc h em i s t r yi s o n l ya v a i l a b l ea taf ewp o i n t si n t h es t u d ya r e a . T h e t i g h tc o r r e l a t i o no fs o i lp o t a s s i um ,' p e r c e n t s a n d 'a n d' p e r c e n t s i l t 'w i t h s o i ls h e a rs t r e n g t h d e s p i t es i x( 1 0% )m i s s i n g v a l u e si nt h es h e a r s t r e n g t hd a t a ,s u g g e s t st h a t i t s h o u l db eau s e f u l s u r r o g a t ef o rf i e l dw o r k (K e n d a l l ' st a u= 0 . 4 5t o 0 . 4 8* * * ) .
T h e a n a l y s e se x p o s e ds t r o n gr e l a t i o n s h i p s b e tw e e nc om p o s i t i o n a l p a t t e r n sa n de n v i r o nm e n t a l a t t r i b u t e sf o ra l la s s em b l a g e s .I na l l1 3c a s e s ,b o t h t h ec om p o s i t i o n a la n dr i c h n e s sr e l a t i o n s h i p st h a t em e r g e df r om t h e a n a l y s i s( T a b l e 5 )w e r ec o n s i s t e n t w i t h t h e A u s t r a l i a -w i d e d i s t r i b u t i o n a la n dh a b i t a t c h a r a c t e r i s a t i o n ss umm a r i s e d i n F i g u r e3 .T h u s ,t h e a t t r i b u t e -s e t sa r eu n l i k e l yt ob ea r t i f a c t so ft h e q u a d r a tp o s i t i o n i n go r o ft h e r e l a t i v e l y sm a l l s i z e o f t h es t u d ya r e ai nr e l a t i o nt ot h es i z eo ft h e , g e o g r a p h i c a lr a n g e so fm o s t o ft h es p e c i e s( s e e B l a c k b u r na n d G a s t o n ,1 9 9 8 ) . T h eg e o g r a p h i c a lp a t t e r ni n t h e s p e c i e sr i c h n e s s o fe a c ha s s em b l a g ef i t t e daP o i s s o ne r r o rm o d e l , w i t h l o g a r i t hm i cl i n k s(C r aw l e y ,1 9 9 3 ;N i c h o l l s , 1 9 8 9 ) ,a n du s u a l l yi n v o l v e d t h es am e( o rav e r y s im i l a r )s e to fe n v i r o nm e n t a lp a r am e t e r sa sd i d t h ec o r r e s p o n d i n gc om p o s i t i o n a la n a l y s i s( T a b l e 5 ) .W i t h i n e a c ha s s em b l a g e ,r i c h n e s sp r o v i d e da r e a s o n a b l es u r r o g a t ef o rc om p o s i t i o nb e c a u s e r e g i o n a l l y -n e s t e d p a t t e r n si n s p e c i e sc om p o s i t i o n ( c f .P a t t e r s o na n dB r ow n , 1 9 9 1 ;W r i g h t e ta l . , 1 9 9 8 )a r ev i s i b l ei n e a c ha s s em b l a g e( s e eF i g u r e 1 2 ) . T h i s w o u l d b ee x p e c t e di nr e -o r d e r e d m a t r i c e s , w h e r e s p e c i e sh a v eb e e nc l u s t e r e d a c c o r d i n gt ot h e i rc o -o c c u r r e n c e s .T h a tt h e ya r e n o tc l e a n l yd e f i n e di sd u e ,i np a r ta tl e a s t ,t o1 l o c a l i s e dp a t t e r n si na l l o p a t r ya n ds am p l i n g e r r o r s( e . g .s e eR o l f e a n dM cK e n z i e , 2 0 0 0 ) . F u r t h e r ,w e l l -d e f i n e d n e s t e dp a t t e r n si ns p e c i e s c om p o s i t i o n w o u l d n o t b e e x p e c t e d f o r a s s em b l a g e sw h e r er i c h n e s sa n dc om p o s i t i o na r e i n f l u e n c e d b yt h e i n t e r a c t i o n o fs e v e r a ld i v e r g e n t e n v i r o nm e n t a lg r a d i e n tv e c t o r s ,a n dav a r i e t yo f d i f f e r e n tt r o p h i c l e v e l s a n dg u i l d sa r er e p r e s e n t e d (B r ow n , 1 9 9 5 ) . I ng e n e r a l ,c l im a t i ca sw e l l a ss o i la n d / o r g e o g r a p h i c a la t t r i b u t e sw e r er e q u i r e d t o e x p l a i n t h e o b s e r v e dp a t t e r no fo c c u r r e n c eo fe a c ha s s em b l a g e a c r o s st h e s t u d y a r e a .T h u s ,p a t t e r n si n t h e s p e c i e s c om p o s i t i o no ft h eC a r n a r v o n B a s i n a s s em b l a g e s w e r eb e i n gi n f l u e n c e d b ye n v i r o nm e n t a lp r o c e s s e s o p e r a t i n ga ttw og e o g r a p h i c a ls c a l e s .A t t h e b i o g e o g r a p h i c a ls c a l e ,p a t t e r n sw e r e r e l a t e dt o t h e d i f f e r e n c e sb e tw e e nt h eE r em e a n a n dS o u t hw e s t e r n b i o t a s ,a n dc o r r e s p o n d i n gt ot h es t u d y a r e a ' sa r i d -t o -m e s i ca n dt r o p i c a l -t o -t em p e r a t e c l im a t i cg r a d i e n t s ,b u tm i t i g a t e d b yc o a s t a le f f e c t s i nn o r t h e r np a r t so ft h es t u d ya r e a .A t t h el o c a l s c a l e ,p a t t e r n sw e r e r e l a t e dt ot o p o g r a p h i c , v e g e t a t i o na n d / o rs o i la t t r i b u t e s .P r e v i o u ss t u d i e s h a v es h ow nt h a t s c a l ei s im p o r t a n t i n d e t e rm i n i n g w h i c h e n v i r o nm e n t a l a t t r i b u t e s em e r g e a s s i g n i f i c a n tc o r r e l a t e sw i t h c om p o s i t i o n a lp a t t e r n s (D a l e ,1 9 8 3 ;W h i tm o r e ; 1 9 8 4 , B ow e r s , 1 9 9 7 ) . R e g i o n a ls t u d i e s h a v eu s u a l l yl i n k e d c om p o s i t i o n a l p a t t e r n st oc l im a t i ca n d / o rg e o l o g i c a lc a t e g o r i e s (A s h t o n ,1 9 7 6 ;M cK e n z i e e ta l . ,1 9 8 7 b ,1 9 9 1 a ,1 9 9 2 , 1994; McKenzie and Rolfe, 1995) , whereas the importance of topographic setting and lithology have emerged from more geographically restricted studies (Whitmore, 1984) . In our study area, the overt patterns of compositional variation that are usually referred to as patchiness or regional heterogeneity (Weiher and Keddy, 1995) could be explained numerically in terms of attributes of the physical environment. Thus, our results are consistent with the landscape paradigm proposed by Pastor et al. (1997) , that spatial heterogeneity (patchiness) is a template to which organisms respond as well as an "emergent feature of their collective responses".
While axes of habitat heterogeneity can be separate or totally coupled and confounded by species responses to the heterogeneity (Bowers, 1997), the question of scaling adds further to the complexity of landscape ecology (Bowers, 1997; MacNally and Quinn, 1997) . To expose these patterns for reserve system design and other aspects of wildlife management, we need to measure attributes of the environment that reflect processes at scales that fit the organisms' responses. For instance, a particular response-scale was significant in determining assemblage composition in the region's insectivorous bat guild (McKenzie and Muir, 2000) . To explain the biodiversity patterns defined herein, we had to invoke a much wider range of attributes at a greater range of scales. Furthermore, localised patterns of allopatry among closely related species belonging to the more diverse genera, and unevenness in taxonomic discrimination within different taxa, were additional sources of variation (Aplin et al., in press; McKenzie et al., 2000b) . In combination with contemporary theory, our results indicate that the Carnarvon Basin reserve system will need to sample the geographical extent of the various climatic and soil gradients identified by the analyses, if evolutionary processes are to be protected therein.
Another issue of immediate concern is the premise that a particular sub-set of the biota, such as the flora, can be used as a reliable surrogate for spatial patterns in biodiversity. The question of whether spatial patterns in the biota coincide across different phylogenetic groups, termed congruence, has usually been addressed in terms of patterns in species richness (e.g. Howard et al., 1998) rather than composition. As with richness, available compositional studies have usually shown that different types of organisms show different geographical patterns of occurrence (e.g. Yen, 1987; Solem and McKenzie, 1991; Ferrier and Watson, 1996; Michaels and Mendel, 1998 ; but also see Oliver et al., 1997) . Our comparison of compositional patterns in seven types of organism shows that each contributed significant amounts of 543 information to our description of the biodiversity pattern. While our result should be, treated with caution (because our approach is exploratory rather than experimental), it is not surprising for several reasons.
• The substantial physiological differences between plants and animals, homeotherms and heterotherms, etc, imply very different responses to environmental gradients. • Guild boundaries do not necessairily conform to taxonomic boundaries (Adams, 1985) . For instance, small co-occurring predators such as dasyurids, birds, spiders, scorpions, centipedes, bats, reptiles and frogs partition similar food resource axes, and show patterns of species replacement in geographical space.
• The diversity of prey species at sites is influenced by predation (e.g. Spiller and Schoener, 1998 (Brown, 1995; Blackburn and Gaston, 1998) .
We conclude that reserve selection procedures which are based on only one· or two types of organism will produce distorted outcomes, although cross-taxon congruence in between-site complementarity (Howard et al., 1998 ) is likely to offset this problem at biogeographical scales. The distortion is likely to operate at local scales, affecting the representativeness rather than comprehensiveness (sensu Woinarski and Norton, 1993) of reserve systems.
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